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D license.1. Introduction
Amino acids are of special importance among the other chem-
ical substances since they form the basic constituents of living
organisms. It is imperative to know the properties of aminoacids in order to understand and explain their behavior and
the synthesis of peptides, proteins and enzymes in living organ-
isms. It is known that the reactions of peptides, proteins and
enzymes with metal ions are of biochemical importance but
they are yet to be thoroughly understood. The explanation
of these phenomena in the biological systems can be possible
only by the determination of protonation constants of the ami-
no acids as well as their stability constants, which are a mea-
sure of their tendency to form complexes with other metal
ions a medium similar to that of biological systems. It is ob-
served that most of these determinations have been carried
out in aqueous media (Norman and Doody, 1954; Norman
et al., 1958; Datta et al., 1959; Singh and Srivastava, 1972;
Gergely et al., 1975; Robert et al., 1985; Arbad and Sahaprdar,
1986). This may be attributed to the widespread belief that
‘‘in vivo’’ media are well represented by the aqueous media.
In recent years, however, it has been reported that aqueous
media are not suitable for biological in vivo reactions, on the
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are better represented by non-aqueous media (Hughes et al.,
1986). The number of studies in non-aqueous media is very
limited in literature (Norman et al., 1956; Rajashekar et al.,
1986; Maslawska and Chruscinki, 1986). It has been shown
that amcaa plays an import role in biochemistry because it
functions as anticonvulsant (Taylor, 1993) and also effective
for the treatment of neuropathic pain in human and animal
models (Sing et al., 1996; Rosner and Rubin, 1996; Backonja
and Glanzman, 2003). We report here to determine the
stability constants of the complexes formed by 1-(amino-
methyl)cyclohexane acetic acid (amcaa), glycine, alanine, phen-
ylalanine, leucine, isoleucine, proline and valine with lead(II)
in 50% (v/v) DMSO-water medium at 32 C under nitrogen
atmosphere using potentiometric method.2. Experimental
2.1. Materials and solutions
All the chemicals used in this study were of AnalaR grade.
1-(aminomethyl)cyclohexane acetic acid, glycine, L-alanine,
L-valine, L-leucine, L-isoleucine, L-phenylalanine and L-proline
were under SD ﬁne chemicals and used as such. Carbonate-free
solution of NaOH (0.1 M) was prepared in double distilled
water and estimated by standard method. 1.0 M KNO3 and
5.0 · 103 M lead(II) stock solutions were prepared from Ana-
laR grade samples and their purities were checked by potenti-
ometric titration for acid and EDTA method for lead(II)
(Vogel, 1978).Figure 1 Titration curves for Pb(II)-amcaa-gly system.2.2. Potentiometric procedure
pH metric titrations were carried out at 32 C (±0.1 C) in a
double walled glass cell. The temperature control was achieved
by means of water circulation from a thermostat. pH measure-
ment was carried out on a SYSTRONIC digital pH/mV meter
type 335 accurate to ±0.005 units and equipped with a glass
electrode and saturated calomel electrode. The pH meter was
calibrated before and after each titration set with suitable buf-
fer solutions (pH 4.0 and 9.2).
The following mixtures for the mixed ligand systems were
prepared and titrated potentiometrically against CO2 free
0.1 M NaOH in 50% (v/v) DMSO-water at 32 C (±0.1 C).
(4.0 · 10-2) HNO3 + (1.0 M) KNO3 (a); a + amcaa
(5 · 102 M) (b); b + metal ion (5 · 103 M) (c); a + amino
acid (1.5 · 102 M) (d); d + metal ion (e) and a + amcaa+
amino acid + metal ion (f). The ionic strength was adjusted
to 0.1 M by the addition of KNO3 as the supporting electro-
lyte. For each mixture, the total volume was made upto
30 ml with doubly distilled water before the titration was per-
formed. The pH meter reading (B) recorded in 50% (v/v)
DMSO-water solutions was converted to hydrogen ion
concentration by means of the equation given by van Uitert
and Hass (1953).
 log½Hþ ¼ Bþ logUH  logð1=c2Þ ð1Þ
where c is the activity coefﬁcient of the solvent composition
and UH is the correction factor at zero ionic strength for the
solution.3. Results and discussion
3.1. Acidity constants of the free ligands
Representative potentiometric titration curves for the free and
metal complexed ligands are depicted (Pb-amcaa-gly) in Fig. 1.
The acid dissociation constants of amcaa and a-amino acids in
50% (v/v) DMSO-water were determined from curves (a) and
(d) using a computer program based on Irving-Rosotti pH
titration techniques (Irving and Rossotti, 1953/1954). The
values of the dissociation constants of amcaa, gly, ala, val,
leu, isoleu, phen and pro were determined under the same
experimental conditions (32 C, l= 0.1 M KNO3). The
SCOGS (Sayce, 1968) computer program was used to reﬁne
the overall protonation constants by minimizing the standard
deviation of the ﬁt (r ﬁt) between the observed and calculated
pH values. The ionization equilibrium can be represented as
follows.
A þHþAH
KH1 ¼
½AH
½A½Hþ ð2Þ
HAþHþH2Aþ
KH2 ¼
½H2Aþ
½HA½Hþ ð3Þ
The quality of the ﬁt was judged by the values of the sample
standard deviation. The pKa values obtained through the
reﬁnement of several sets of potentiometric data are given in
Table 1. The pKa values of amcaa and a-amino acids show
good agreement with the literature values after allowing for
changes in experimental conditions and methods of calcula-
tion. It is worth mentioning that the pKH1 values for a-amino
acids changed little in anionic and neutral forms (A, HA)
but logKH2 values changed appreciably with solvent composi-
tion. pKa values increased with the increases in the amount
of DMSO in the medium (Dogan et al., 2002).
Table 1 Proton-ligand constants and stability constants of
binary systems.
Ligand logbH1 logbH2 Pb(II)
log 1 log 2
amcaa 10.51 15.69 6.26 12.16
10.28a – – –
gly 9.21 12.60 5.18 9.75
9.60b – – –
9.65c – – –
9.39d – – –
9.58e – – –
L-ala 9.19 12.47 4.99 9.09
9.76b – – –
L-phen 8.66 12.32 4.56 8.46
8.80b – – –
8.95d – – –
9.11e – – –
L-leu 9.56 13.38 5.40 10.16
9.67b – – –
9.58c – – –
9.40d – – –
L-isoleu 9.26 13.13 4.96 9.35
L-pro 10.47 14.29 6.21 11.43
10.51a – – 7.97a
10.00f – – –
L-val 9.52 13.04 5.07 9.70
9.60b – – –
9.41d – – –
Temp. = 32 C, l= 0.1 M KNO3.
a Brookes and Petlit (1977). 0.15 M NaClO4 at 37 C (water
medium).
b Patel et al. (1993). l= 0.2 M (NaClO4 at 25 C).
c Amarallah et al. (1998).
d Dogan (2003). l= 0.1 M NaCl 40% (v/v) ethanol–water at
25 C.
e Demirelli and Koseoglu (2005). l= 0.1 M KCl at 25C(water
medium)
f Fijii et al. (1990).
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The stability constants of both 1:1 and 1:2 binary complexes of
the chosen ligands were determined at 32 ± 0.1 C and
l= 0.1 M KNO3. It can be observed that the stability con-
stants of the different 1:2 metal–ligand complexes are lower
than those of the corresponding 1:1 systems, as expected from
statistical considerations. The Dlog K (log K2  log K1) values
are negative. This is the normal trend in neutral ligands where
the enthalpy is more favorable for a 1:1 species (exothermic)
compared to a 1:2 species (Khalil and Fazary, 2004).
Analysis of the complexed ligand curves (e) and (d) (Fig. 1)
indicates that the free ligand solutions shift the buffer region of
the ligand to lower pH values. This shows that complexation
reaction proceeds by releasing of protons from such ligands.
The curves reveal that the magnitude of the horizontal dis-
placement of the complex curves (e) and (d) from the free li-
gand curves (b) and (c) is longer with Pb(II). This means
that Pb(II) strongly interacts with the same ligand. Generally,
it is observed that MA complexes (curve c) begin to form at
lower pH range (3.4) than MB complexes (curve e)
(pHP 5.0). The complexes are quite stable upto high pH val-
ues (pH  10). Precipitation occurred at pH > 10.4 and thus,no calculations could be performed beyond this point. There-
fore, the hydroxide species likely to be formed after precipita-
tion point could not be investigated.
The present study shows that 1:1 and 1:2, metal: ligand type
of species are the important types in both metal ion-amcaa (A)
and amino acid (B) systems. This is based on the presence of
two inﬂections in the case of MA species and a single step
one in the case of MB species, after the addition of two moles
of NaOH per 1 mol of ligand. This suggests that the dissocia-
tion of two protons from amcaa is in a stepwise manner. These
equilibria can be shown as follows:
MþAMA
MAþAMA2
logKMMA2 ¼ log½MA2  ðlog½MA2 þ 2 log½AÞ ð4Þ
Similarly for secondary ligands (B)
logKMMB ¼ log½MB  ðlog½M þ log½BÞ ð5Þ
logKMMB2 ¼ log½MB2  ðlog½MB þ log½BÞ ð6Þ
Complex formation constants for binary systems expressed
in terms of overall formation constants
flogb ¼ logKMMB þ logKMMB2g are compared using standard
procedures based on the calculation of the average number
of ligands bound per metal ion. The data listed in Table 1
clearly reveal that the stability of metal-amino acids is very
close to those already published after allowing for changes in
experimental conditions. The results show that the stability or-
der of binary systems in terms of the amino acids is
gly> ala> leu> isoleu> pro> val> phen. This trend is
not in the order of basicities as expected, probably because
the pKa values of the amino acids studied are so similar. It
is suggested that the absence of alkyl chain in gly is responsible
for the higher stability of its complex. Substitution of CH3
group (ala) or lengthening of gly, skeleton (leu) produces a
small decrease in log b values. In terms of the nature of metal
ion, the stability of the complex decreases with ionic potential
of the metal ions in the same direction(charge/ionic radius). On
the other hand, the results indicate that MA complex is more
stable than MB complexes. This behaviour can be interpreted
based on the bidentate nature of the amino acids which coor-
dinated through the a-amino nitrogen and the carboxylic oxy-
gen atom. Two seven membered complex is more stable under
the experimental conditions. The studies of complex formation
were carried out using several lead(II) concentrations to ascer-
tain the formation of polynuclear complexes. Analysis of the
complexed ligand curves (Fig. 1) indicates that only mononu-
clear species were formed in appreciable concentration within
the concentration range used.3.3. Stability constants of the ternary complexes
A representative set of experimental titration curves obtained
for the different 1:2 Pb(II)-amcaa, and 1:1:1 Pb(II)-amcaa-gly
systems at (32 C and l= 0.1 M) are shown in Fig. 1 (curve
f) and other mixed systems show similar behavior. In our
study, amcaa (A) is considered as primary ligand and amino
acids (B) as a secondary ligand, since MA species is formed
at lower pH values than MB species. The observed lowering
of ternary MAB curve (f) in comparison to binary MA and
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ical composite curve constructed by the graphical addition of
the horizontal distance of the 1:1 MA (or MB) curve to free li-
gand B (or A) titration curve, indicates the formation of ter-
nary complexes in solution. The best-ﬁt computer models for
the investigated ternary systems show the formation of 1:1:1
species only and the other species were of very minor impor-
tance below pH 6.0. Further, it is worth mentioning that these
systems show no precipitation during titration. Thus, they are
not hydrolysed under the experimental conditions, even at high
pHs. This behavior may be explained on the basis that the elec-
tron density on the metal–ligand bonds in ternary chelates is
redistributed in such a way that the ternary chelates are more
polar than the binary chelates.
Generally, the titration curves c and f (Fig. 1) reveal the
overlapping of MA and MAB titration curves at low pH val-
ues, and then they diverge at higher pH’s. This suggests that
the amino acid ligand (B) does not participate in ternary sys-
tem at lower pH values. Further, the formation of mixed li-
gand chelates MAB is proved by the observed inﬂection
point at m= 1, followed by buffer region in the higher pH
range, (m= the number of moles of alkali added per mole
of metal ion). Up to this point the MAB curve is almost coin-
cident with MA curve, but beyond it, runs much below the
MA curve.
To discuss the stabilization of ternary chelates, the follow-
ing two methods have been considered. In the ﬁrst method, the
ternary complex formation was considered to take place in a
simultaneous manner according to the following equilibria.
MþAþ BMAB
log bMMAB ¼ log½MAB  ðlog½M þ log½A þ log½BÞ ð7Þ
Since log½M þ log½A ¼ log½MA  logKMMA
) logbMMBA ¼ log½MAB  log½MA þ logKMMA  log½B ð8Þ
In the second method, the MAB chelate was considered to
be formed in a stepwise manner, assuming that MA is practi-
cally formed in the lower buffer region followed by the addi-
tion of the second ligand (B) in the upper buffer region.
These equilibria can be represented as follows:
MAþ BMAB
logKMAMAB ¼ log½MAB  ðlog½MA þ log½BÞ ð9Þ
Similarly
MBþAMBA
logKMBMBA ¼ log½MBA  ðlog½MB þ log½AÞ ð10Þ
The experimentally determined bMMAB, is connected with K
MA
MAB
and KMBMAB by the following equations.Table 2 Stability constants of Pb2+-amcaa–amino acid ternary sys
Ternary system logbPbAB logK
pbA
pbAB
Pb2+-amcaa-gly 14.79 8.53
Pb2+-amcaa-ala 15.81 9.55
Pb2+-amcaa-phen 10.28 4.02
Pb2+-amcaa-leu 11.96 5.70
Pb2+-amcaa-isoleu 11.94 5.68
Pb2+-amcaa-pro 11.65 5.39
Pb2+-amcaa-val 12.62 6.36logbMMAB  logKMMA ¼ logKMAMAB ð11Þ
logbMMAB  logKMMB ¼ logKMAMAB ð12Þ
According to Sigel (1980), the relative stability of ternary
complex MAB as compared with that of the binary complex
MB can be quantitatively expressed in different ways. The
most suitable comparison is in terms of Dlog K. This parame-
ter can be calculated from the reaction of secondary ligand (B)
either with MA or with free metal ion, hence
D logK ¼ ðlogKMAMAB  logKMMBÞ. The above two reactions rep-
resent the following overall equilibrium,
MAþMBMABþM
D logKM ¼ logbMAB  ðlogKMA þ logKMBÞ ð13Þ
A comparison of stability constants (Table 1) of binary
complexes indicate that K1 > K2. Thus, in binary systems,
D logK ¼ ðlogKMAMA2  logKMMAÞ values are generally negative
which indicates the formation of 1:2 species. A positive or less
negative Dlog K value, suggests a signiﬁcant stabilization of
ternary system. The quantitative stabilization of ternary com-
plexes can also be expressed in terms of disproportionate con-
stant X (Martin and Prados, 1974; Martin, 1979) as deﬁned by
the equation.
MA2 þMB2 2MAB; hence
X ¼ ½MAB2=½MA2½MB2
logX ¼ 2 logbMMAB  ðlog bMMA2 þ log bMMB2Þ ð14Þ
The value of log X expected on statistical grounds is +0.6 for
all geometries (Dewitt and Watters, 1954). The more positive
values than those expected statistically indicate the marked sta-
bilities of ternary complexes. The computed Dlog K and log X
values for the various ternary systems are listed in Table 2.
Some general observation about the behavior of the various
systems is as follows:
(a). The Dlog K values obtained for the ternary systems gen-
erally do not deviate from the statistical expectations,
where the statistical steric and electrostatic factors result
in the lower stability constants for the ternary complexes
as compared with the corresponding binary systems.
The absence of stabilization is compatible with the
explanations given by Sigel et al. (Sigel and Naumann,
1976; Sigel et al., 1977; Scherage, 1979; Martin 1979)
for the possible stabilization of ternary complexes. The
data indicate that the Dlog K values obtained for Pb-
amcaa-ala species are more positive than the values
obtained for Pb-amcaa-gly species indicating the markedtems.
logKpbBApbBA Dlog K log X
9.61 3.35 7.67
10.82 4.56 10.37
5.72 0.54 0.06
6.56 0.30 1.60
6.98 0.72 2.37
5.44 0.82 0.29
7.55 1.29 3.38
Stability constants of mixed ligand complexes of lead(II) with 1-(aminomethyl) 231stability of Pb-amcaa-B. This is due to the limited ten-
dency of alanine for inter ligand interaction (Sen,
1962) while glycine complexes sometime exhibit excep-
tional stability (Sharma and Schubert, 1969). Based on
the fact that Dlog K values depend on the coordination
number of metal ion and the ligands (Sigel, 1973), the
change in Dlog K values obtained may also be attributed
to the change in the geometry of the complex. For
square planar complexes with bidentate ligand, the
Dlog K values are 0.6 units. For a regular and distorted
octahedral geometry, the values are 0.4 and 0.9 units,
respectively (Beck, 1970).
(b). The log X values for the title systems are in general,
found to be in the range of the statistically expected val-
ues 0.6. In Pb(II) ternary complexes, the log X values are
found to be greater than 0.3, suggesting that MA and
MB bonds in ternary systems are stronger than thoseFigure 2 Species distribution curves o
Figure 3 Species distribution curvesin corresponding binary systems. By varying the amino
acid in ternary chelates, much variation is observed in
log X values. This means that the stabilization of MA
in ternary systems is inﬂuenced by the change in the size
of amino acid. Hence, log X values probably inﬂuenced
by steric differences of ligands. Thus, it may be con-
cluded that log X values probably inﬂuenced by the large
size of Pb(II) ion.
(c). The stability of the ternary complexes is also calculated
using statistical method according to the equation (Sigel,
1973; Gergely et al., 1972)f Pb(I
of Pblogbstat ¼ log 2þ 1=2 log bMMA2 þ 1=2 logbMMB2 ð15Þ
The log bstat values and the difference between stability
constants measured and calculated ðlog bMAB  log bstatÞ are
reported in Table 2. The results indicate that the aboveI)-amcaa at 1:3 molar ratio.
(II)-gly at 1:3 molar ratio.
Figure 4 Species distribution curves of Pb(II)-amcaa-gly at 1:3:3 molar ratio.
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tem is more stable than both MA2 and MB2, this stability
enhancement is referred to as a ‘‘ligand effect’’ which is related
to the electrostatic factors originated from charge neutraliza-
tion, since in the formation of MAB, one positive charge of
MA+ is neutralized by ligand B, this leads to increased r
covalence.
3.4. Distribution diagrams
Using the stability constants of the complexes and equilibrium
constants of the ligands under the same experimental condi-
tions, the percentage concentration of each complex species
involving metal ion and ligand as a function of pH has been
calculated (Beck, 1970). The pH species distribution proﬁles
for the Pb-amcaa and Pb-gly binary systems taken as a repre-
sentative are shown in Figs. 2 and 3. Similar trends were ob-
tained for other systems. The distribution proﬁles for Pb-gly
binary and ternary systems show that at lower pH’s (2.0–3.0)
almost all Pb(II) (a= 88%) over pH range 7.0–8.5 the pre-
dominant change is the conversion of Pb(II) into Pb-gly with
a maximum degree of formation 45% at less than pH 7.3. At
pH circa 9.0 the Pb(II) ions completely disappeared.
(X= 3.09%) and Pb-gly complex has a low value
(a= 8.6%) while the concentration of Pb(gly)2 predominates
(a= 78%).
In the case of ternary system, the plots (Fig. 4) show that
between pH 7.5 and 9.3 the concentration of Pb-gly complex
decreases, while the concentration of Pb-amcaa-gly ternary
system increases. At pH 8.9 the ternary system reaches a max-
imum, a= 57% while the concentration of binary systems be-
comes very small.4. Conclusion
The pH metric studies on Pb(II)-amcaa(A)-gly, ala, phen, leu,
pro, val, isoleu (B) ternary complex systems at 32 C and
I= 0.1 M (KNO3) show that the ternary complex specieshave, in general, higher stability compared to the binary
analogs. The results indicate that the coordination mode of
ligands A and B to be the same in the binary and ternary
complex species. In aqueous DMSO medium, the stability con-
stants of the binary, and ternary systems possess higher values
compared with the binary and ternary systems in the aqueous
medium, which indicates that aqueous DMSO medium is more
favoured for complex formation than in aqueous medium.
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